Using substrate induction as a tool, we attempted to determine the role of tryptophan pyrrolase in the response to endotoxin in mice. Previous. results have shown that the administraon of the LDso of endotoxin lowers tryptophan pyrrolase activity. a-Methyltryptophan was found to maintain tryptophan pyrrolase activity above control levels in endotoxin-poisoned mice without increasing survival. 5-Hydroxytryptophan, by contrast, lowered tryptophan pyrrolase activity but did not sensitize mice to endotoxin. These results suggest that tryptophan pyrrolase per se does not play a unique role in survival of mice poisoned with endotoxin. This enzyme, however, may reflect the fate of other liver enzymes inducible by adrenocorticoids. Ih mice given concurrent injections of tryptophan and endotoxin, tryptophan pyrrolase activity was elevated to a level intermediate between that of norml mice and that of mice given tryptophan alone. The mice injected with tryptophan and endotoxin also had about the same mortality as mice given endotoxin alone. Mice treated with tryptophan 4 hr after endotoxin, at a time when the substrate did not fully elevate tryptophan pyrrolase activity, died convulsively and in larger numbers than those given endotoxin alone. This effect was reversed by prior treatment with cyproheptadine, an antiserotonin drug. These results indicate that the depression of tryptophan pyrrolase activity previously observed in vitro after injection of endotoxin reflects an actual decrease in the in vivo activity of the enzyme.
The activity of tryptophan pyrrolase, the adaptive liver enzyme regulating the biosynthesis of nicotinamide adenine dinucleotide from tryptophan, is significantly depressed 4 hr after endotoxin poisoning in mice (1, 2) . Cortisone, known to protect mice against endotoxin lethality (2, 10, 14) , maintains tryptophan pyrrolase activity at essentially normal levels under these conditions (2) . This information led Berry and co-workers (1, 2) to postulate that a primary metabolic effect of endotoxin may be to impair enzymatic regulation, thereby upsetting metabolic homeostasis in the host. Accordingly, protection by cortisone would reflect the ability of this material to maintain more nornal enzymatic homeostasis in the poisoned animal.
Since the metabolic imbalances previously observed in endotoxin-poisoned mice (3, 4) could conceivably be correlated with the diminished activity of a single enzyme, tryptophan pyrrolase, it became important to determine the exact sigficance of the fluctuations of this enzyme in endotoxin poisoning. The experiments to be described are designed to answer two basic questions: (i) is maintenance of tryptophan pyrrolase activity essential for mice to survive endotoxin poisoning, and (ii) does the depression of tryptophan pyrrolase activity as determined by an in vitro assay reflect a true decrease in the in vivo catabolic potential of the enzyme, or is the depression of the enzyme activity an in vitro artifact? Such a study is feasible because tryptophan (6, 18, 19) , a-methyltryptophan (5, 16) , and 5-hydroxytryptophan (9) have been shown to influence tryptophan pyrrolase activity both in vivo and in vitro. Although the effect of these compounds may not be limited to tryptophan pyrrolase alone (8, 12, 17) , it is reasonable to assume that their influence on inducible enzymes is much more limited than that of adrenocorticoids.
MOON AND BERRY material were made in isotonic nonpyrogenic saline (Baxter Laboratories, Morton Grove, Ill.). Injections were given intraperitoneally in 0.5-ml volume.
Protection experiments. Mice were injected according to the schedule noted in the footnotes of the tables. Food and water were available at all times. Results were tabulated at 8, 24, and 48 hr after the initial injection unless otherwise specified.
Tryptophan pyrrolase assay. The in vitro assay of tryptophan pyrrolase was performed by the method of Knox and Auerbach (13) as modified by Berry and Smythe for application to mice (1, 2) . Approximately 1 g of liver (wet weight) was homogenized in 7 volumes of ice-cold 0.14 M KCI containing 0.0025 M NaOH. A 2-mi portion of the homogenate was transferred to a 25-ml Erlenmeyer flask containing 0.6 ml of L-tryptophan (0.13 M), 20 Handling procedures were similar to those described previously (3) .
RESULTS
Effect of single or repeated injections of tryptophan on the activity of tryptophan pyrrolase. To ascertain the unique significance of tryptophan pyrrolase in the response of mice to endotoxin, it is necessary to produce changes in activity of the enzyme by means that are more specific than those resulting from administration of adrenocorticoids, such as cortisone or hydrocortisone. Tryptophan pyrrolase is substrate-inducible, as shown for rats (6, 18, 19) and for mice (1) , but the rise in its activity after a single intraperitoneal injection of 20 mg of L-tryptophan reaches a peak at 2 hr and is back to normal levels at 4 hr (Fig. 1, dashed Fig. 1 , this treatment produced peak activity at 6 hr (after the third injection), and the activity remained elevated for the 12-hr period of observation. The mice appeared ill throughout this time.
In an effort to avoid some of the undesirable side-effects caused by intraperitoneal administration of such large amounts of tryptophan, mice were given the amino acid subcutaneously at intervals of 2 hr for a total of five injections. There was a linear increase in tryptophan pyrrolase activity with time ( Fig. 2, VOL. 95, 1968 in intact rats. Moran and Sourkes also reported that the increased activity of tryptophan pyrrolase as measured in vitro under these conditions reflects an actual in vivo increase in the catalytic activity of the enzyme (16) . As shown in Fig. 3 , a single subcutaneous injection of 20 mg of c'-methyltryptophan increased and maintained tryptophan pyrrolase activity at an elevated level for at least 24 hr. When the LD5o of endotoxin was administered 4 hr after 20 mg of a-methyltryptophan, the increase in activity of the enzyme was not fundamentally changed. It was clearly higher than that seen with endotoxin alone (Fig. 3) .
Effect of a-methyltryptophan on the survival of endotoxin-poisoned mice. No significant protection against challenge with 2 LD5o of endotoxin was afforded mice pretreated for 4 hr with 20 mg of a-methyltryptophan (Table 2 ). These results suggest that a high level of tryptophan pyrrolase activity is not in itself sufficient to protect mice against endotoxin lethality. Effect of S-hydroxytryptophan on tryptophan pyrrolase activity. Addition of small quantities of 5-hydroxytryptophan directly to an assay flask so nearly stopped the tryptophan pyrrolase reaction that only questionable optical density readings (<1) could be obtained (Table  3) . A simiLar effect was noted by Frieden (9) . Subcutaneous injection of 5 mg of 5-hydroxytryptophan resulted in a pronounced decrease in tryptophan pyrrolase activity (Table 3) ; the activity was about 50% of normal after 18 hr. Effect of 5-hydroxytryptophan on survival of mice poisoned with endotoxin. Since maintenance or elevation of tryptophan pyrrolase activity does not seem to alter the survival of mice injected with endotoxin, the effect of lowering the enzyme was next determined (Table 4) . Administration of 5-hydroxytryptophan 4 hr before graded doses of endotoxin caused no significant change in the mortality of the mice. This result, in combination with those described above, suggests that maintenance of activity of tryptophan pyrrolase is not in itself essential for the survival of mice challenged with endotoxin, nor does depression of the enzyme render the mice more susceptible to the lethality of the poison.
Possible involvement of tryptophan pyrrolase in the sensitization of endotoxin-poisoned mice to tryptophan. Table 5 contains additional data on the effect of tryptophan on tryptophan pyrrolase activity in endotoxin-poisoned mice. Mice were injected with 20 mg of tryptophan at the same time they were injected with endotoxin, and tryptophan pyrrolase activity was measured 1 hr later. The elevation of the enzyme was not significantly different from that in mice injected with tryptophan alone (compare lines 3 and 2, Table 5 ). When tryptophan was given 4 hr after endotoxin, at a time when mice were sensitized to the amino acid, the increase in tryptophan pyrrolase activity was less than that observed when the two injections were given concurrently. This could be due, in part, to the fact that the activity of the enzyme at the time when the tryp- tophan was given, i.e., 3 hr after the endotoxin, was lower than that of the controls. As the curve at the bottom of Fig. 3 shows, the activity of this enzyme is depressed at this time (about 10 units of activity) but not to the same extent that the induction is lowered. Thus, the induction in the poisoned mice could not have been more than about 23 units (33.4 -10), whereas that in the controls was 37 units (58.4 -21.4). Pretreatment with endotoxin seems, therefore, to alter the substrate inducibility of tryptophan pyrrolase, and this, in turn, suggests that tryptophan cannot be metabolized as efficiently in such animals. The amino acid must be metabolized through other pathways, including the one to serotonin. This effect can be seen in Table 6 by comparing the data of lines 2 and 3 with those of line 1.
Possible involvement of serotonin in the sensitization of endotoxin-poisoned mice to tryptophan. Administration of serotonin in sublethal doses for mice (1 or 5 mg) results in an increased percentage of deaths in animals when it is given 4 hr after an injection of the LD50 of endotoxin. It was shown above (Table 1) and again in Table 6 that a delayed injection of tryptophan has a similar effect. Pretreatment with cyproheptadine, a drug known to inhibit the action of serotonin (20), significantly protects the endotoxinpoisoned mice against the enhanced lethality of a delayed injection of tryptophan (Table 6 ). DIscussioN The first of the two questions asked in the introduction to this paper must, on the basis of the data presented, be answered in the negative. Tryptophan pyrrolase activity is not immediately related to the ability of the mouse to survive endotoxin poisoning, since the level of the enzyme can be raised or lowered at the time of challenge without altering mortality. This particular enzyme is only one of a number of enzymes induced in mammals in response to adrenocortical stimulation (7, 11) . The net result of the metabolic alterations that follow such enzymatic changes is the initiation of events for which the adrenal cortex is responsible if it is to maintain the homeostasis that is necessary for an animal's survival of stress, including that caused by an injection of bacterial endotoxin. It is for this 4 hr after the LDso of endotoxin strongly suggests that the amino acid is being converted into serotonin. At the time of administration of tryptophan, tryptophan pyrrolase is known to be less active than in the control mice, as judged by an in vitro assay. Convulsive deaths do not occur and cyproheptadine has no effect on mortality when endotoxin and tryptophan are given concurrently. Under these conditions, tryptophan pyrrolase is initially normal.
These interpretations are confirmed and extended in studies on the hypothermia produced by low doses of endotoxin in mice housed at 15 C (15) . An injection of serotonin resulted in a similar degree of hypothermia. Tryptophan alone did not alter the body temperature of mice, but when it was injected into endotoxin-poisoned mice a drop in body temperature greater than that produced by endotoxin alone resulted. The effect of both serotonin and tryptophan was antagonized by cyproheptadine. These results suggest that tryptophan is converted to serotonin in endotoxin-poisoned mice.
